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Abstract 
The modifications in the crystal and electronic structure due to the Eu2+ luminescent centre and isolated vacancies in the 
Sr2MgSi2O7(:Eu2+) persistent luminescence material were calculated using the density functional theory (DFT). The exact role of 
defects in the storage of excitation energy is currently not well understood. They can be formed e.g. due to charge compensation 
and preparation conditions. The probability of vacancy formation was studied using the total energy of the defect containing host. 
The most significant structural modifications due to defects in the environment of the Eu2+ luminescent centre were found with 
the introduction of the strontium vacancy. Electron traps were created by Eu2+ and the strontium as well as oxygen vacancy, 
whereas the strontium, magnesium and silicon vacancies created also shallow hole traps in the material. The electron traps close 
to the conduction band can contribute to the persistent luminescence efficiency since they are readily bleached by the thermal 
energy at room temperature. However, too shallow or deep traps can decrease this efficiency. The role of the intrinsic defects and 
dopants in the energy storage of the persistent luminescence materials was discussed. 
PACS: Type pacs here, separated by semicolons ;  
Keywords: Strontium magnesium disilicate, Electronic structure, Lattice vacancy, Defect, Persistent luminescence, Density functional theory 
calculations 
1. INTRODUCTION 
The thermally stimulated (i.e. persistent) luminescence materials display energy storage properties strongly 
dependent on the composition, e.g. co-dopants. The persistent luminescence of certain Eu2+ doped alkaline earth 
magnesium disilicates (M2MgSi2O7:Eu2+,R3+; M: Ca, Sr, Ba; R: Nd, Dy, Tm) may exceed 24 h at room temperature 
(RT) [1-5]. The current synthetic methods of these materials have been chosen rather by trial and error than by 
systematic tailoring of the defect chemistry to obtain the desired energy storage and emission length. 
Both extrinsic (e.g. dopant ions) and intrinsic lattice defects may exist in the disilicate materials studied. The 
intrinsic point defects include cation vacancies, e.g. ''MV  and 
''
MgV  (the Kröger-Vink notation '' denotes a defect with 
a double negative net charge), and oxygen vacancies, xxOV  (double positive), as well as interstitial ions (Fig. 1). The 
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vacancies can be created due to the evaporation of MO during the high temperature solid state reactions. Cation 
vacancies exist also due to the charge compensation when a trivalent rare earth ion (R3+) replaces M2+ (creating a 
x
MR  defect), whereas oxygen vacancies may be created due to the reducing preparation conditions. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Pure (left) and lattice defect containing SrO ( ''SrV : double negative, 
xx
OV : double positive, 
x
SrR : single positive, 
x
SrEu : zero net 
charge, right). 
 
The energies of intrinsic defects (mainly oxygen vacancy) in the electronic band structure of simple oxide 
materials (e.g. MgO [6-8], TiO2 [9-11], ZrO2 [12-14], CeO2 [15,16], and SrTiO3 [17-19]) have been studied with ab 
initio density functional theory (DFT) calculations. The band gap energy of a small number of persistent 
luminescence hosts (SrAl2O4 [20-23], Ca2MgSi2O7 [24], Sr2MgSi2O7 [25], CdSiO3 [26]) has recently been studied 
using DFT. However, the energies of the defects in these hosts’ band structure remain unclear. 
The goal of the present work was to study the role of the defects as possible electron or hole trapping sites 
contributing to the energy storage efficiency. The modifications in the crystal structure of the Sr2MgSi2O7 material 
due to the defects were studied using the DFT calculations. Eventually, the electronic structure of the non- and Eu2+ 
doped ( xSrEu ) and isolated vacancy (
''
SrV ,
xx
OV ,
''
MgV  and 
''''
SiV ) containing Sr2MgSi2O7 was explored. 
 
2. CALCULATION METHOD 
The electronic structures of Sr2MgSi2O7 were calculated using the WIEN2k package [27]. WIEN2k is based on 
the full potential linearized augmented plane wave (FP-LAPW) method, an approach which is among the most 
precise and reliable ways to calculate the electronic structure of solids. The semi-local spin density generalized 
gradient approximation (GGA) method was employed. In order to describe better the strongly correlated 4f electrons 
of Eu2+, the GGA+U method [28] was used. This method uses the GGA method, but for selected atomic states the 
DFT exchange-correlation potential is replaced by its Hartree-Fock-like form. To correct for the double counting the 
“Fully Localized Limit“ version of the GGA+U method was used. The GGA+U method requires as the input the 
Coulomb repulsion strength (Hubbard parameter U) and the exchange parameter J, which can be related to the Slater 
integrals [29]. The U and J values of 7.62 and 0.68 eV, respectively, were used for the calculations including the 
Eu2+ ion (for further discussion, cf. [30]). 
The isolated defects were calculated with no charge compensation included in the unit cell. One isolated defect 
was introduced into the normal unit cell of Sr2MgSi2O7 (Z: 2 [31], 24 atoms) corresponding to the defect 
concentration of 25 ( xSrEu ,
''
SrV , and 
''''
SiV ; one of the four Sr
2+/SiIV species in the unit cell is replaced with a defect), 
50 ( ''MgV ), and 7 % (
xx
OV ). The high local defect concentrations were used to probe the local changes in the 
electronic structure induced by the isolated defects. One isolated oxygen vacancy was also introduced in a 2x2x2 
supercell (a: 15.9914, c: 10.3042 Å, 192 atoms) corresponding to a 1 % xxOV  concentration. 
The number of k-points in the irreducible part of the Brillouin zone was 6. The number of basis functions was ca. 
1500 for both the non-doped and defect containing normal cell. The number of basis functions in the supercell 
calculation was ca. 9200. 
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The reliable calculation of the electronic structure requires the optimization of the defect containing crystal 
structure. This was achieved by relaxing the atomic positions in the unit cell, while the lattice parameters were not 
changed. The equilibrium position of each atom was calculated using the GGA method. The optimized structure was 
then used to recalculate the electronic structure by employing the GGA or GGA+U method without the spin-
orbit coupling. 
 
3. RESULTS AND DISCUSSION 
3.1. Structure Optimization 
3.1.1. Crystal Structure 
 
All the Sr2MgSi2O7 materials studied possess the tetragonal structure (space group: m24P 1 , no. 113, Z: 2, 
a: 7.9957, c: 5.1521 Å [31]). The structure consists of alternating Sr and Mg(Si2O7) layers perpendicular to the unit 
cell c axis (Fig. 2). The structure possesses only one Sr, Mg and Si site but three O sites. The Sr2+ ion in the single Sr 
site (symmetry: Cs) has eight neighboring O2- ions with an average Sr-O distance of 2.662 Å. The Mg2+ and SiIV ions 
are located within MgO4 and SiO4 tetrahedra with an average Mg-O and Si-O distance of 1.942 and 1.617 Å, 
respectively. The Eu2+ ion is expected to substitute for Sr2+ in the Sr2MgSi2O7 host, since the statistical ionic radii of 
the eight coordinated species of Eu2+ (1.25 Å) and Sr2+ (1.26 Å) are close to a perfect match [32]. In contrast, Eu2+ 
does not fit at all into the small four coordinated Mg2+ and SiIV site (0.57 and 0.26 Å, respectively). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. The tetragonal structure (space group: m24P 1 ) of Sr2MgSi2O7 consisting of alternating Sr and Mg(Si2O7) layers. 
3.1.2. Modifications due to Eu2+ 
 
The structural modifications due to the introduction of the defects can be studied using DFT since the nature of 
the defects can then be exactly determined. These modifications induced by the isolated defects were first studied 
using the Eu2+ doped Sr2MgSi2O7, i.e. with the xSrEu  defect with no net charge. Due to the structure optimization, 
the distances between the Eu2+/Sr2+ ions and the nearest oxide ions were decreased relative to those determined 
experimentally (Table 1) [31]. The modifications were slightly more pronounced around Eu2+ than near the Sr2+ 
ions. The average decrease in the Eu-O and Sr-O distances was 0.018 and 0.013 Å, respectively. The average 
changes relative to the non-optimized distances are thus 0.7 and 0.5 %, respectively. In addition, the Mg-O distances 
decreased in average 0.002 Å (0.1 %). The decrease in the Eu-O, Sr-O and Mg-O distances takes place at the 
expense of lengthening of the Si-O distances, in average increased by 0.028 Å (1.7 %). 
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Table 1. Distances between the Sr2+ (Eu2+) and the nearest neighbor oxide ions in the optimized and non-optimized crystal structure of 
Sr2MgSi2O7:Eu2+. 
Distance / Å Differencea / Å Distance / Å Differencea / Å 
Sr-O3b (2x) 2.559 Sr-O3c 2.538 -0.021 Eu-O3d 2.538 -0.021 
  O3 2.537 -0.021 O3 2.538 -0.021 
O2 2.562 O2 2.551 -0.011 O2 2.555 -0.007 
O1 2.585 O1 2.565 -0.020 O1 2.561 -0.024 
O2' (2x) 2.745 O2 2.733 -0.012 O2 2.720 -0.025 
  O2 2.740 -0.005 O2 2.720 -0.025 
O3' (2x) 2.772 O3 2.763 -0.009 O3 2.761 -0.011 
  O3 2.763 -0.009 O3 2.761 -0.011 
Average 2.662  2.649 -0.013  2.644 -0.018 
a Difference to the distance in the non-optimized structure. 
b Non-optimized structure. 
c Optimized structure. 
d Optimized structure, one of the four Sr2+ in the unit cell is replaced with Eu2+. 
3.1.3. Modifications due to Isolated Defects 
 
The probability of the formation of the defect species increases with decreasing total energy. The structural 
modifications in Sr2MgSi2O7 induced by the Sr vacancy are more profound than the effect of ''MgV , 
''''
SiV  and 
xx
OV . 
This is reflected by the differences in the total energies of the defect-free and vacancy containing Sr2MgSi2O7 
(Fig. 3). The difference in the total energies (85 keV) shows that the formation of xxOV  in the O1, O2 and O3 oxygen 
sites requires much less energy than the creation of ''SrV . Therefore, 
xx
OV  may be formed relatively easily due to the 
reducing atmosphere used in the materials preparation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Total energy of the optimized Sr2MgSi2O7 structure with isolated defects in the normal unit cell calculated with the GGA method. 
 
The formation of ''MgV  and 
''''
SiV  cannot be estimated reliably using only the total energy values (Fig. 3) since their 
structural effects may be more significant than indicated by the present calculations. Especially, the SiO4 tetrahedra 
should be difficult to break due to the high charge of the central atom. In addition, the charge compensation required 
by ''''SiV  with a quadruple negative net charge should introduce additional defects and thus increase the total energy. 
The total energy of the Eu2+ containing Sr2MgSi2O7 material cannot be compared with the non-doped and vacancy 
containing material due to its strong dependency on the atomic number. Therefore, the total energy is drastically 
changed (by ca. 210 keV) with the replacement of Sr2+ with Eu2+. 
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Based on the decrease in the Sr-O distances of the strontium at the shortest possible distance from the defect, the 
structural modifications due to the isolated vacancies are more significant than the inclusion of the Eu2+ ion alone 
(Table 2). These changes also show that ''SrV  modifies the crystal structure more than the other defects. The 
structural changes induced by the removal of an oxide ion in the O1 site are also more significant than in the other 
two sites due to its role as the central ion of the disilicate group (Si2O7, see Fig. 2). The effect of ''''SiV  is probably not 
treated correctly by the current calculation method (see discussion above). 
 
Table 2. Average decrease in the Sr-O distances in the defect containing Sr2MgSi2O7. 
Defect* Decrease in Sr-O distance# / Å (%) 
x
SrEu  0.013 (0.5) 
''
SrV  0.110 (4.0) 
''
MgV  0.073 (2.7) 
''''
SiV  0.006 (0.2) 
xx
OV (O1) 0.076 (2.8) 
xx
OV (O2) 0.049 (1.8) 
xx
OV (O3) 0.041 (1.5) 
* Defect-strontium distance shortest possible. 
# Decrease from the non-optimized average distance (2.662 Å) due to structure optimization. 
3.2. Electronic Structure 
3.2.1. Host Band Structure 
 
The electronic band structure along a high symmetry path in the first Brillouin zone as well as the density of 
states (DOS) of the non-doped Sr2MgSi2O7 host was calculated (Fig. 4). The minimum of the conduction band (CB) 
is located at the origin of the Brillouin zone (Γ point) at 4.8 eV above the maximum of the valence band (VB). The 
maximum of VB does not occur at the Γ point but is located instead at the Brillouin zone boundary (Z point) 
possibly indicating an indirect band gap. However, the energy difference of the maximum of VB between the Γ and 
Z points is only ca. 0.3 eV. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Calculated (GGA) band structure along a high symmetry path in the first Brillouin zone (left) and total density of states of Sr2MgSi2O7 
(right) (EF: Fermi energy). 
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The DFT calculations did not provide an absolute measure for the band gap energy (Eg) due to the presence of 
scattered non-zero DOS from 4.8 eV above the top of VB (Fig. 4). This might suggest the presence of an intrinsic 
electron trap even in the defect free Sr2MgSi2O7, however no discrete state is found. A significant increase in the 
DOS appears at 6.7 eV. This increase agrees well with the experimental Eg value (7.1 eV [20]) and may be used as a 
more reliable measure of the band gap energy. 
The valence band has mainly the O(2p) character. The energy bands created by the oxide ions in the O3 site are 
distributed evenly across the VB between 0 and 5 eV below the highest occupied state (Fig. 5). The bottom and top 
of the VB have a pronounced oxygen character created by the oxide ions in the O1 and O2 site, respectively. Some 
of the bands at the bottom of the valence band are due to the hybridization between the O(2p) and Si(3s) (also 3p) 
orbitals. In addition, a separate band is found at 7.2 eV below the top of VB. This band is formed by O(2p) in the O1 
site which are partly hybridized with mainly the Si(3s) orbitals. The lower part of CB from 7 to 13 eV above VB 
consists mostly of the Sr(4d) states. The maximum density of the Mg and Si states along with the Sr(5p) states is 
located deeper (more than 11 eV above VB) in the conduction band. These results indicate that the introduction of 
xx
OV  does not have a significant effect on CB. In addition, 
''
MgV  and 
''''
SiV  do not have an effect on the lower part 
of CB. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Calculated (GGA) band structure of Sr2MgSi2O7 including the bands with strontium (left) and oxygen (O3 site, right) character indicated 
by the heavier plotting (EF: Fermi energy). 
3.2.2. Eu2+ Doped Material 
 
The persistent luminescence energy processes have been shown to involve electrons as the charge carriers [21]. 
The energy cost of releasing a hole from the Eu2+ ion in its 4f65d1 states has been shown to be much too high for the 
hole to be considered as a possible charge carrier in these systems [33]. The excited electron can move easily from 
the Eu2+ 4f65d1 states to the conduction band in the aluminate and disilicate materials [20,21,33,34]. Any electron 
traps created by the defects need to be located close to the bottom of CB for an efficient transfer of electrons from 
the traps back to CB with the thermal energy at RT. However, the traps should not be too close to CB to prevent 
very fast bleaching. 
The next step is thus to verify if the defects create any density of states at this region of the energy gap which 
could correspond to electron traps. As a starting point, the electronic structure of the Eu2+ doped material was 
calculated. The calculated energy of the Eu2+ 4f7 ground state in the energy gap of the host was previously found to 
be linearly dependent on the Coulomb repulsion strength [20]. The electronic structure of Sr2MgSi2O7 is not 
E
ne
rg
y 
/ e
V 
Sr O3 
82   Jorma Hölsä et al. /  Physics Procedia  29 ( 2012 )  76 – 85 
expected to change in a significant way due to the replacement of Sr2+ with Eu2+ since their ionic radii are almost the 
same (cf. section 3.1.1.) and since no charge compensation is required. 
The Eu2+ doping did not change the Eg value in Sr2MgSi2O7 (Fig. 6). A discrete state was created at ca. 1.5 eV 
below CB with the Eu2+ doping. This trap is slightly too deep when compared to the trap depths (0.6-1.1 eV) 
obtained from the thermoluminescence studies [35]. However, it can be considered as an intrinsic shallow electron 
trapping level of Sr2MgSi2O7:Eu2+ which may help to explain the persistent luminescence observed from this 
material even without the R3+ co-doping [36]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Calculated (GGA) density of states of the optimized Sr2MgSi2O7 with isolated defects. 
3.2.3. Isolated Defects 
 
The effect of the isolated vacancies on the electronic structure of Sr2MgSi2O7 was evaluated next. The 
introduction of one strontium vacancy in the normal unit cell of Sr2MgSi2O7 increases (ca. 0.4 eV) the band gap 
energy (Fig. 6). This may be explained by the predominantly Sr character of the bottom of CB (cf. section 3.2.1.). A 
discrete ''SrV  state is located at ca. 1 eV below CB possibly acting as a shallow electron trap (Fig. 6). The number of 
the ''SrV  traps is radically increased due to the charge compensation when R
3+ replaces Sr2+. Some R3+ have been 
observed to greatly enhance the persistent luminescence while others have a detrimental effect [e.g. 37]. In addition 
to the introduction of new electron traps with the R3+ co-doping, the modification of the present ones is possible. 
The introduction of ''''SiV  creates some nearly continuous density of unoccupied states extending to ca. 2 eV below 
the bottom of CB as well, whereas ''MgV  does not change the electronic structure close to CB. However, the role of 
traps due to ''''SiV  is not considered significant due to its low formation probability (cf. section 3.1.3.). 
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An isolated oxygen vacancy creates a substantial density of unoccupied states close to the bottom of the 
conduction band (Figs. 6 and 7). This indicates a high number of electron traps. The xxOV  states corresponding to the 
deepest traps which may still be available for persistent luminescence are located at ca. 1.8 eV below CB. The 
introduction of xxOV  in the O1 site creates slightly (ca. 0.1 eV) deeper traps compared to 
xx
OV  located in the O2 and 
O3 site. The differences between the oxygen sites were reflected also by the structure optimization 
(cf. section 3.1.3.). The xxOV  states closest to CB can be bleached with a significantly lower amount of thermal 
energy and thus too quickly at RT reducing the duration of persistent luminescence. This explains the 
experimentally observed rapid initial decrease in the persistent luminescence intensity [38]. However, the 
experimental determination of very shallow electron trap depths would require e.g. the thermoluminescence studies 
to be carried out at low temperatures. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Calculated (GGA) density of states of the optimized Sr2MgSi2O7 with oxygen vacancy located in the different oxygen sites.  
A significant role of the oxygen vacancies in the energy storage of Sr2MgSi2O7 may be expected since their 
number is probably high due to the reducing gas sphere (usually N2 + H2) used in the materials preparation. In 
addition to the reducing conditions to obtain divalent europium as the luminescent centre, a high temperature solid 
state reaction is required. Therefore, the evaporation of MO and creation of more vacancies can take place. A high 
number of the energy storing traps which can be bleached in the ambient conditions is required to ensure efficient 
energy storage and the long duration of the persistent luminescence. The creation of F+ (or F) color centres has 
indeed been verified by EPR measurements [39]. 
Additional oxygen vacancy states are located at 5-6 eV below CB indicating the presence of very deep electron 
traps (Fig. 7). However, electrons in these traps are not available for the persistent luminescence due to the high 
amount of energy required to bleach the traps. The deepest trap at 6 eV below CB is found with xxOV  located in the 
O1 site. The effect of the defect concentration on the calculated trap structure of Sr2MgSi2O7 was studied, as well. 
However, no significant changes were found in the electronic structure whether the high (normal unit cell: 7 %) or 
low (2x2x2 supercell: 1 %) defect concentration was used for xxOV  (Fig. 8). However, the deepest trap still available 
for persistent luminescence is shifted (ca. 0.3 eV towards VB) with the low defect concentration. 
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Fig. 8. Calculated (GGA) density of states of the optimized Sr2MgSi2O7 with oxygen vacancy located in the O1 site in the normal unit cell (7 % 
defect concentration of the total oxygen atoms in the cell) and the 2x2x2 supercell (1 %). 
Strontium, magnesium and silicon vacancies create traps slightly (ca. 0.1, 0.1, and 0.2 eV, respectively) above 
the top of the valence band, as well (Fig. 6). These states indicate the presence of shallow hole traps, though a very 
efficient hole transfer between these shallow hole traps and VB is expected at RT since they are almost continuous 
with VB. No significant role for the hole traps in the persistent luminescence of the Eu2+ doped materials is 
expected, though. 
 
4. CONCLUSIONS 
The differences in the total energies of the defect containing Sr2MgSi2O7 show that the formation of the oxygen 
vacancy is more feasible when compared to the creation of the other defects. The structural modifications were 
slightly more pronounced around the Eu2+ centre than in the environment of Sr2+. 
The band gap energy provides the basic data for the determination of the electronic structure. The calculated band 
gap agrees very well with the experimental one. The valence band has mainly oxygen character, whereas the bottom 
of the conduction band consists mostly of the strontium states. This suggests that the oxygen vacancies do not have a 
significant effect on the conduction band or on the band gap energy, whereas the strontium vacancy increases the 
band gap. 
The determination of the defect and dopant energies in the host is a long-standing problem since they are 
extremely difficult to study experimentally. The introduction of the oxygen and strontium vacancy as well as the 
Eu2+ ion creates electron traps in the energy gap of the host. These defects can be considered essential for the 
excellent energy storage properties of the Sr2MgSi2O7:Eu2+,R3+ materials. The oxygen vacancies form also very 
shallow electron traps which can decrease the duration of persistent luminescence since they are quickly bleached. 
Very deep electron traps which are not expected to be involved in the persistent luminescence were created by 
the oxygen vacancy, too. Strontium, magnesium and silicon vacancies create also very shallow hole traps. However, 
the role of such traps in the persistent luminescence of the Eu2+ doped material is probably not significant. 
The DFT calculations enable the modeling of both the energy storage and optical properties of the solid state 
materials. The modifications induced by the defect aggregation may play a significant role in the total trap structure 
since the total number of defects and dopants is expected to be high. These modifications will be explored in detail 
using the DFT calculations combined with the experimental, e.g. low temperature thermoluminescence studies. 
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